For islet transplantation, it is important to obtain an available islet mass adequate for diabetes reversal from a single donor pancreas. A recent report demonstrated that the use of M-Kyoto solution instead of UW solution improved islet yields in the two-layer method for pancreas preservation. The present study investigated whether the ductal injection of a large volume of preservation solution (UW and M-Kyoto solution) before pancreas storage improves islet yields. Islet yield both before and after purification was significantly higher in the ductal injection (+) group compared with the ductal injection (−) group. TUNEL-positive cells in the ductal injection (+) group were significantly decreased in comparison to the ductal injection (−) group. The ductal injection of preservation solution increased the ATP level in the pancreas tissue and reduced trypsin activity during the digestion step. Annexin V and PI assays showed that the ductal injection prevents islet apoptosis. In a transplant model, the ductal injection improved islet graft function. These findings suggest that the ductal injection of preservation solution, especially the M-Kyoto solution, leads to improved outcomes for pancreatic islet transplantation. Based on these data, this technique is now used for clinical islet transplantation from non-heart-beating donor pancreata or living donor pancreas. 69 70 NOGUCHI ET AL.
INTRODUCTION
vantages such as the inhibition of collagenase, which digests pancreatic tissue (3, 36) . A previous study reported that the use of a new solution, named M-Kyoto Islet transplantation has recently emerged as an effective therapy and potential cure for type 1 diabetes melli-solution, instead of UW solution improved islet yields. M-Kyoto solution inhibits the activity of trypsin, which tus (37,39). Since the Edmonton protocol was announced, more than 500 patients with type 1 diabetes in more than is directly destructive to islets, and inhibits collagenase activity less than the UW solution (28) . Based on these 50 institutions have received islet transplantation to treat their disease. However, current isolation techniques usu-data, M-Kyoto solution is now used as a standard preservation solution for clinical islet transplantation from ally necessitate the transplantation of islets from two or more donors to establish euglycemia (39) . To improve non-heart-beating donor (NHBD) pancreata. It was recently shown that the ductal injection of a the outcome, newly developed pancreas transport systems (4,10-13, 16, 17, 28, 41) , immunosuppressant proto-small volume of UW solution at the time of pancreas procurement improved islet yield and function by pre-cols (24) , islet isolation methods (15, 17) , and islet engraftment (26, 27) have been established. One of these serving the pancreatic duct in a rodent model (38) . In contrast, our new method for large-size pig pancreas is-advanced techniques is the two-layer method (TLM), which employs oxygenated perfluorochemical (PFC) let isolation designed to maximize islet yield used the infusion of a large amount (about 200-300 ml for 200 and UW solution for pancreas preservation (4,10-13, 16, 17, 41) ; however, UW solution has several disad-g pancreas) of UW-D solution (UW solution with high Na + /low K + ) into the pancreatic duct before preservation the pancreas into the preservation solution and the start of islet isolation. A segmental pancreas (about 100 g) (42) . Islet yield per gram with the new method (42) was significantly higher than with the previous open-pan was used for islet isolation. Islet isolation was conducted in accordance with the method (17) and higher, but not significantly so, than for the standard automated method using a Ricordi method described in the Edmonton protocol (15, 33, 34, 37, 39) . In brief, after decontamination of the pancreas, chamber (34). Moreover, it was shown that islet yields from pancreas with an intraductal flush along with colla-the ducts were perfused in a controlled fashion with a cold enzyme blend of Liberase HI (1.4 mg/ml; Roche genase prior to preservation were superior to that with a vascular flush (18) . This suggests that ductal preserva-Molecular Biochemicals, Indianapolis, IN). The distended pancreas was then cut into nine pieces, placed in tion may improve islet yield and that a large volume of ductal injection may improve it more efficiently. How-a sterilized Ricordi chamber, and shaken gently. While the pancreas was being digested by recirculating the en-ever, it is difficult to use a large volume of UW solution for ductal injection in the human pancreas because of its zyme solution through the Ricordi chamber at 37°C, the extent of digestion was monitored with dithizone stain-collagenase inhibition.
This study investigated whether the ductal injection ing by taking small samples from the system. Once digestion was confirmed to be completed, RPMI-1640 me-of a large volume of preservation solution before pancreas preservation improves islet yields during islet iso-dium (GIBCO) was introduced into the system, and then the system was cooled to stop further digestive activity. lation. Ductal injection leads to an improvement in not only islet yields but also graft functions for pancreatic
The digested tissue was collected and washed with fresh medium to remove the enzyme. The phase I period was islet transplantation. Based on these data, this technique is now used for clinical islet transplantation from NHBD defined as the time between placement of the pancreas in the Ricordi chamber and the start of collecting the pancreata (20) or living donor pancreas (15) . This has resulted in a transplant rate of over 80% for clinical islet digested pancreas. The phase II period was defined as the time between the start and end of collection. transplantation from NHBD pancreata (20) and the technique is the most important advance in the islet isolation Islets were purified using a continuous density gradient with Iodixanol-M-Kyoto solution in an apheresis method.
system (COBE 2991 cell processor, Gambro Labora-MATERIALS AND METHODS tories, Denver, CO). Because Iodixanol (OptiPrep TM ,
Preservation Solution
Axis-Shield, Oslo, Norway) has low viscosity, it requires less force during centrifugation in comparison to UW solution, M-Kyoto solution, and PFC were used Ficoll. For the solution, low-density (density 1.077) and for preservation. The components and other features of high-density (density 1.100-1.125) Iodixanol-M-Kyoto M-Kyoto solution are shown in a previous study (28) . solutions were produced by changing the volumetric ra-The pancreata were preserved using the two-layer method tio of Iodixanol and M-Kyoto solution. (UW/PFC or M-Kyoto/PFC) precharged with oxygen.
Islet Evaluation Porcine Islet Isolation
Pancreata from elderly pigs were obtained at a local The crude number of islets in each diameter class was determined by counting islets after dithizone staining (2 slaughterhouse. The operation was started about 10 min after the cessation of the heart beat. After removing the mg/ml final concentration) (Sigma Chemical Co., St. Louis, MO) using an optical graticule. The crude num-pancreas, a cannula was immediately inserted into the main pancreatic duct, and it was transferred into a two-ber of islets was then converted to the standard number of islet equivalents (IE; diameter standardizing to 150 layer (M-Kyoto/PFC or UW/PFC) preservation container [ductal injection (−) group] or infused with a large µm) (35) . Gross morphology was qualitatively assessed by two independent investigators scoring the islets for amount of preservation solution (M-Kyoto solution or UW solution; about 100 ml/100 g pancreas) for ductal shape (flat vs. spherical), border (irregular vs. well rounded), integrity (fragmented vs. solid/compact), uni-protection, followed by transfer of the pancreas into a two-layer (M-Kyoto/PFC or UW/PFC) preservation formity of stain (not uniform vs. perfectly uniform), and diameter (all <100 µm vs. >10% >200 µm) (16, 35) . container [ductal injection (+) group]. Operation time was defined as the time elapsed between the start of the Each parameter was graded from 0 to 2 with 0 equaling the worst and 2 the best score, so that the worst islet operation and removal of the pancreas. Warm ischemic time (WIT) was defined as the time elapsed between the preparations were given a score of 0 and the best a score of 10. Spherical, well-rounded, solid/compact, uni-cessation of the heart beat and placement of the pancreas into the preservation solution. Cold ischemic time (CIT) formly stained, and large islets were characterized as the best islets. was defined as the time elapsed between placement of Viability after purification was assessed using acri-TUNLE-positive and -negative cells × 100] was determined by examining cells in 10 random high-power dine orange (10 µmol/L) and propidium iodide (15 µmol/L) (AO/PI) staining to visualize living and dead fields of each group. cells simultaneously (1, 16, 35) . Fifty islets were in-Determination of ATP Production spected and their individual viability was determined visually, and then their average viability was calculated Tissue samples were taken from the pancreas after preservation in M-Kyoto/PFC or UW/PFC. To measure (16) .
the ATP production, tissue samples were washed twice Assessment of the Islet Function with ice-cold PBS and solubilized. The amount of ATP was then measured using an ATP assay system (Toyo The islet function was assessed by monitoring the insulin secretory response of the purified islets during glu-Inki, Tokyo, Japan), according to the manufacturer's instructions. Briefly, after allowing the reagents to equili-cose stimulation according to a procedure described by Shapiro et al. (39) . Briefly, 1200 IE were incubated with brate to room temperature, 10 µl of cell extracts were added to 100 µl of the reagents. The samples were mea-either 2.8 or 25 mM glucose in RPMI-1640 for 2 h at 37°C and 5% CO 2 . The supernatant was collected and sured using a luminometer. The data were normalized to the total protein concentration of the cell lysate. the insulin levels were determined using a commercially available enzyme-linked immunosorbent assay (ELISA)
Measurement of Trypsin Activity During Isolation kit (ALPCO Insulin ELISA kit; ALPO Diagnostics, Windham, NH). The stimulation index was calculated
To measure trypsin activity at the end of the digestion in each group, snap-frozen 1-ml aliquots of supernatant by determining the ratio of insulin released from islets in a high-glucose concentration to the insulin released in were taken from the Ricordi system. Trypsin activity was measured by absorption spectrophotometry (λ253 a low concentration. The data were normalized by total protein concentration in the cell lysate. All assessments nm) using N-benzoyl-L-arginine ethyl ester (BAEE) for the trypsin substrate, according to a previous report (17) . were made in triplicate and the data (mean ± SE) were expressed as a percentage of the control values in each Absorbance was measured at 1, 2, 3, 4, 5, and 6 min. A BAEE unit was defined as the ∆optical density of 0.001/ experiment to eliminate variables caused by differences among donor pancreata.
min.
Inhibition of Collagenase Digestion Immunostaining
After fixation in 4% paraformaldehyde, the speci-The inhibition rate of collagenase digestion was measured in accordance with the modified method pre-mens were embedded in paraffin, and 3-5-µm-thick sections were stained immunohistochemically. Immunohis-viously described (3,28). In brief, blocks of each pancreas measuring approximately 0.5 cm 3 were placed into tochemical staining for insulin was performed using the avidin-biotin-peroxidase complex method (ABC method) 2 ml of each solution in a 10-ml test tube and preincubated for 5 min at 37°C. Collagenase was dissolved in (22, 24, 26) . The immunoreaction was visualized with 3amino-9 ethylcarbazol (AEC). All sections were slightly each solution at a concentration of 4 mg/ml, and 2 ml of this was add to each tube, giving a final enzyme con-counterstained with Mayer hematoxylin. For a negative control, the primary antibody was replaced with the ap-centration of 2 mg/ml. The test tubes were placed into a water bath at 37°C and every 5 min they were manually propriate normal serum.
shaken for 10 s and examined. Progression of the diges-TUNEL Assay tion process was monitored by the appearance of fragmented tissue in the supernatant and scored between + DNA fragmentation in situ was assessed by TUNEL assay using the APOP Tag Kit (Intergen, Purchase, NY).
and +++ depending upon the amount of tissue seen (3). A single individual performed the assessments. The time Samples of the ductal injection (−) group or ductal injection (+) group after preservation were fixed in 4% para-at which ++ of fragmented tissue appeared was noted for each tube, and this time was used to compare the formaldehyde. The samples were sectioned and subjected to the TUNEL assay. The TUNEL reaction mixture rate of digestion. containing the terminal deoxynucleotidyl transferase Viability (TdT) enzyme was added to the sections, followed by incubation with antifluorescein peroxidase-conjugated Viability was assessed after purification by using FITC-conjugated annexin V and propidium iodide (PI) antibody. The final reaction product was visualized by DAB (3,3′-diaminobenzidinetetrahydrochloride). An ap-staining to visualize early and late apoptotic (and/or necrotic) cells simultaneously (26) . The detection of optotic index [percentage of TUNEL-positive cells (%) = the number of TUNEL-positive cells/the sum of the annexin V binding to the translocated phosphatidylser-ine on the cell surface allows for the identification of phase II were similar for the ductal injection (−) group and the ductal injection (+) group. early apoptotic cells. Samples of approximately 2000 IE per group were dispersed into single cells by incubation
The islet yield before purification was significantly higher in the ductal injection (+) group [UW, 8,135 ± with Accutase (Innovative Cell Technologies, La Jolla, CA) at 37°C for 15 min. After two washings with ice-1,331 IE/g (n = 4); M-Kyoto, 10,343 ± 644 IE/g (n = 20)] compared with the ductal injection (−) group [UW; cold PBS supplemented with 3% FCS, single cells were incubated for 15 min at room temperature in 50 µl of 4,368 ± 498 IE/g (n = 4); M-Kyoto, 6,624 ± 580 IE/g (n = 6)] (Fig. 1A) . The islet yield after purification was HEPES buffer containing 1 µg/ml PI and 2 µg/ml fluorescent annexin V (TACS Annexin V-FITC kit; Trevi-also significantly higher in the ductal injection (+) group (UW, 5,464 ± 883 IE/g; M-Kyoto; 5,990 ± 388 IE/g) gen, Gaithersburg, MD), and then diluted with 300 µl of HEPES buffer. A total of 10,000 cells were analyzed than the ductal injection (−) group (UW, 2,451 ± 622 IE/ g; M-Kyoto, 3,516 ± 631 IE/g) ( Fig. 1B) . Other porcine using FACSAria (Becton Dickinson, Franklin Lakes, NJ). Early apoptotic cells were identified as the popula-islet characteristics are shown in Table 1 . The score was significantly higher in the ductal injection (+) group in tion of annexin V single-positive cells. Late apoptotic or necrotic cells were identified as annexin V-PI double-comparison to the ductal injection (−) group (UW solution, p = 0.05; M-Kyoto solution, p < 0.05). There were positive cells. The markers to divide the cells into two populations were set in accordance with the method de-no significant differences in any other characteristics between the two groups. scribed in a previous report (26) , and the results were expressed as a percentage of early apoptotic cells TUNEL Assay (annexin V single positive) or dead cells (annexin V-PI double positive).
To investigate the effect of the ductal injection of preservation solution on pancreas storage, a TUNEL In Vivo Assessment assay was performed on each tissue after preservation. Mice with severe combined immunodeficiency dis-Both TUNEL-positive islet cells and nonislet cells ease (SCID; CLEA Japan, Inc., Meguro, Tokyo) were (mainly acinar cells) in the ductal injection (+) group used for the experiments. The recipients were rendered were significantly decreased in comparison to the ductal diabetic by a single injection of streptozotocin (STZ) at injection (−) group [M-Kyoto solution (Fig. 2) ; UW soa dose of 220 mg/kg. Hyperglycemia was defined as a lution, data not shown]. Moreover, the data suggest that glucose level of >350 mg/dl detected twice consecumore apoptosis is induced by warm ischemia in acinar tively after STZ injection. The 1500 IE pig islets obcells than in islets. tained from each groups were transplanted into the renal Adenine Nucleotides subcapsular space of the left kidney of a diabetic SCID mouse. During the 30-day posttransplantation period, For the measurement of ATP production, samples the nonfasting blood glucose levels were monitored were taken from the pancreas after 2-h preservation of three times per week. Normoglycemia was defined when each TLM. The cells were solubilized and the amount two consecutive blood glucose level measurements of ATP was measured with an ATP assay system. The showed less than 200 mg/dl. The kidneys bearing the ATP level in the ductal injection (+) group was signifiislet grafts were examined morphologically 30 days cantly higher than that in the ductal injection (−) group posttransplantation. No statistical differences in either [UW solution (Fig. 3A) , M-Kyoto solution (Fig. 3B) ]. the pretransplantation blood glucose levels or the pre-These data suggest that a ductal injection of preservation transplantation body weight were observed among the solution is effective for pancreas preservation before istwo groups of mice. The mouse studies were approved let isolation. by the review committee of Kyoto University Graduate
Inhibition of Trypsin Activity by the Ductal Injection School of Medicine. of M-Kyoto Solution RESULTS
Previous reports show that trypsin inhibition with Porcine Islet Isolation Characteristics TLM preservation improves islet yields (17, 28) . M-Kyoto solution includes ulinastatin. Therefore, it was deter-Porcine islet isolation characteristics based on the isolation protocols are shown in Table 1 . There were no mined whether or not a ductal injection of M-Kyoto solution inhibited the trypsin activity during the digestion significant differences in the size of the pancreas, operation time, or CIT between the four groups. WIT was step. The trypsin activity was measured by absorption spectrophotometry using the reagent BAEE. At the end significantly longer for the ductal injection (+) group because the ductal injection process was needed for this of digestion, trypsin activity was significantly reduced in the ductal injection (+) group in comparison to the group (UW, p < 0.01; M-Kyoto, p = 0.05). Phase I and ductal injection (−) group (Fig. 3D) . These observations mined. Although the absolute value of BAEE units was higher when using UW solution than when using M-show that a ductal injection of M-Kyoto solution before pancreas preservation reduces trypsin activity during the Kyoto solution, trypsin activity was significantly reduced in the ductal injection (+) group compared with digestion step.
UW solution does not include trypsin inhibitors. The the ductal injection (−) group at the end of digestion (Fig. 3C ). The differences may be due to the number ability of a ductal injection of UW solution to inhibit trypsin activity during the digestion step was also deter-of living acinar cells rather than the activity of trypsin inhibition with UW solution. These observations show significantly lower frequency of late apoptotic or necrotic cells in the ductal injection (+) group compared that a ductal injection of UW solution before pancreas preservation also reduces trypsin activity during the di-with the ductal injection (−) group (p < 0.01). Similar data were observed when using UW solution (data not gestion step.
shown). These findings suggest that ductal injection be-Inhibition of Collagenase Digestion fore pancreas preservation prevents islet apoptosis and/ or necrosis and improves islet equivalents. Previous studies reported that UW solution inhibits collagenase activity more than Hank's solution (3, 36) Transplant Experiments or M-Kyoto solution (28) . To measure the inhibition of collagenase digestion in each group, blocks of pancreas
To determine whether the ductal injection enhances the islet graft function in vivo, 1,500 IE islets were measuring approximately 0.5 cm 3 were placed into collagenase solution and incubated at 37°C. The progres-transplanted below the kidney capsule of STZ-induced diabetic SCID mice. The blood glucose levels of 9 of sion of the digestion process was monitored by the appearance of fragmented tissue in the supernatant. UW the 11 mice (81.8%) receiving islets from the pancreas with ductal injection decreased gradually and reached solution inhibits collagenase activity more than Hank's solution and M-Kyoto solution also inhibits its activity normoglycemia (Fig. 5A) . The blood glucose levels remained stable thereafter and returned to the pretrans-but less than UW solution. There was no significant difference between ductal injection (+) and (−) groups (Ta-plantation levels after the kidney-bearing islets were removed 30 days after transplantation (data not shown). ble 2). These data suggest that the ductal injection of preservation solution hardly affects the step of collagen-
In contrast, only one of the six mice (16.7%) receiving islets from the pancreas without ductal injection became ase digestion. normoglycemic. The difference in the attainment of Prevention of Islet Cell Apoptosis posttransplantation normoglycemia was statistically significant (p < 0.05). For IPGTT, the fasting blood glu-To examine whether a ductal injection of M-Kyoto solution before pancreas preservation can prevent islet cose levels of the mice transplanted with islets from the pancreas with ductal injection were lower than those of apoptosis, annexin V and PI assays were performed. Annexin V is thought to be effective for the detection the other groups before glucose injection and at 5, 15, 30, 60, 90, and 120 min after injection (p < 0.01) ( 5B). Morphologic studies showed the presence of islets under the kidney capsule of all SCID mice 30 days after Approximately 2,000 IE of islets were dispersed into single cells by incubation with Accutase. After washing, transplantation. While islet grafts from the pancreas with ductal injection in normoglycemic mice showed intense the single cells were incubated for 15 min with 1 µg/ml of PI and 2 µg/ml of fluorescent annexin V. A total of insulin staining, those from the pancreas without ductal injection with hyperglycemia showed less staining ( Fig.  10 ,000 cells were analyzed using FACSAria. The percentages of early apoptotic cells in the ductal injection 5C, D). Similar data were observed when using UW solution (data not shown). (−) group (n = 3) and ductal injection (+) group (n = 3) were 2.4 ± 0.3% and 1.5 ± 0.3%, respectively. The cor-DISCUSSION responding percentages of late apoptotic or necrotic cells were 14.0 ± 0.2%, and 6.5 ± 1.0% (Fig. 4) . Although no
The cadaver pancreas is injured due to donor brain death (5,32), hypotension, and vasopressor therapy, and significant differences were observed between the two groups for early apoptotic cells (p = 0.07), there was a from warm ischemia after donor cross-clamping and cold ischemic storage in UW solution (7). There is a isolation technique for the NHBD pancreas. Ductal injection seems one of the most important factors for ob-clear relationship between these injuries and the reduced success of subsequent islet isolation (2,9). Especially in taining successful islet isolation from NHBDs.
A new method has been developed for large-scale Japan, it is necessary to isolate pancreatic islets from NHBDs for clinical islet transplantation because har-porcine islet isolation from market weight pigs (42) , based on a report by O'Neil et al. (30) . The new method vested donor pancreases obtained at brain death tend to be used for complete pancreatic organ transplantation.
has four primary steps: 1) about 200-300 ml of UW-D solution (UW solution with high Na + /low K + ) is infused Therefore, it is necessary to develop an efficient islet Immediately after isolation, 1,500 IE islets were transplanted below the kidney capsule of diabetic SCID mice. Normoglycemia was defined as two consecutive post-transplant blood glucose levels showing less than 200 mg/dl [ductal injection (−) group, n = 6; ductal injection (+) group, n = 11). (B) Intraperitoneal glucose tolerance test (IPGTT) 30 days after transp]antation. The mice were fasted overnight before the test and injected with glucose (2.0 g/kg body weight) intraperitoneally. The blood glucose levels were measured before and 5, 15, 30, 60, and 120 min after injection [ductal injection (−) group, n = 6; ductal injection (+) group, n = 11]. (C, D) Immunostaining of islets grafted under the kidney capsule of SCID mice. The kidney-bearing islets were examined histologically on day 30 after transplantation. The islet grafts from ductal injection (+) pancreas in the normoglycemic mice showed intense insulin staining (D) but less intense staining in ductal injection (−) mice (C).
into the pancreatic duct before preservation; 2) the pan-of UW-D solution; however, it is difficult to use a large volume of UW or UW-D solution in a ductal injection creas is digested with 300-400 ml of HBSS containing 0.5 mg/L of Liberase HI; 3) digested tissue is put into a for human islet isolation because of its collagenase inhibition. It has been observed that UW inhibits the colla-large filtration chamber containing a 500-µm mesh and 200 ml of 5-mm glass beads; 4) discontinuous density genase digestion phase of human islet isolation more than that of porcine islet isolation (3), and the collagen-gradients are used for purification. Although the islet yield per gram for this new method was significantly ase inhibition by UW solution results in poor islet yields and islets of poor viability (3,36). M-Kyoto solution, higher than the previous open-pan method, and higher, but not significantly, than for the standard automated which includes trehalose and ulinastatin (Miraclid, Mochida Pharmaceutical, Tokyo, Japan), hardly inhibits method using a Ricordi chamber (42), the standard automated method seemed technically superior to the new collagenase digestion (28) . The phase I and II periods were similar between the two groups. Therefore, the method in steps 2 to 4. It is possible that the advantage of the new method was the injection of a large volume ductal injection of a large volume of M-Kyoto solution has hardly any detrimental influence in the digestion 25,29), there is still no reliable method to make β-cells. Until a new method to generate β-cells is developed, step.
Ductal injection was demonstrated to protect the pan-improving the efficacy of islet transplantation seems the most realistic and prudent method to achieve long-term creatic duct and improve islet isolation efficacy in a rat model (38) . That study used a limited volume of UW normoglycemia. to avoid distending the pancreas. In contrast, the ductal 
